Reflectarray and transmitarray antennas have been widely used in radar detection systems and satellite communications. Simultaneous realization of reflection and transmission of electromagnetic waves under the same antenna aperture will undoubtedly save more space and cost, which is beneficial to their broader applications. In this paper, an antenna element based on active frequency selective surface (FSS) is proposed, which can realize band-pass and band-stop conversion by controlling the bias of the loaded PIN diode. Then, a reconfigurable antenna array including 9 × 9 elements and fed through a horn antenna is designed and demonstrated. Simulation and measurement results show that the designed antenna can realize the conversion of reflection and transmission at the frequency of 11 GHz, and the measured peak gain of reflection and transmission reaches 18.2 dBi and 20.9 dBi, respectively.
antennas. On one hand, discrete components such as PIN diodes, MEMS switches and varactors are used to achieve the tunable electrical properties under the premise that the overall structure and the aperture of the array remain unchanged; on the other hand, some artificial materials such as metamaterial, graphene and liquid crystal are used as the substrate of the array element to achieve the same effect at high frequency [9] . In addition, the frequency selective surface (FSS) is widely used in the design of reconfigurable reflectarrays because it can effectively control the scattering of electromagnetic (EM) waves at certain frequency [12] [13] [14] [15] .
Several reconfigurable techniques for reflectarray and transmitarray antennas have been studied and designed. For example, a circular reflectarray including 244 units was designed in [16] , and by controlling the loaded PIN diodes, beam scanning in three angles were achieved. In [17] , MEMS technology was used in the design of a 1-bit reflectarray cell to achieve the reconfigurable of dual-linear polarization. In [18] and [19] , reconfigurable reflectarray antennas with 16 × 16 elements were demonstrated, which employed liquid crystals as the substrate and operated at millimeter-wave frequencies. However, most of antenna designs mentioned above are basically simplex despite the reconfigurable reflectarray and transmitarray antennas have made considerable progress in the past few years. Of course, relevant studies on dual-mode reflection/transmission array antenna have also been proposed recently. In 2015, a dual-mode plasma reflectarray/transmitarray antenna was designed in [20] and [21] . By controlling the ionized plasma gas density of the square ground plane, two modes of operations were obtained for the same unit cell. In [22] , a 1-bit bidirectional reconfigurable transmit-reflect-array was proposed, in which the bidirectional radiation was achieved by utilizing the continuity of the cross-polarized electric field on the surface. In [23] , an FSS-backed phase shifting surface array antenna with multimode operation was designed, which was capable of simultaneously exhibiting the functionalities of a transmitarray and a reflectarray at different frequencies. In [24] , a novel polarization-dependent R/T amplitude code was proposed which enabled a full-space communication system and larger information capacity. However, how to achieve the dual-mode reflection/transmission array antenna at the same frequency remains to be explored.
In this paper, an FSS with cross structure is designed to achieve the conversion from reflection to transmission by adjusting the state of two PIN diodes. On this basis, a new FSS-backed multi-functional reflection/transmission reconfigurable antenna including 9 × 9 units is studied and designed, which uses a four-layer substrate structure. By adding reconfigurable FSS bottom layer, the proposed antenna achieves flexible conversion between reflectarray and transmitarray. Compared with the previous studies, the superiority of the proposed antenna array in this paper lies in its ability of transmission/reflection reconfigurable, which switches from a reflectarray to a transmitarray at the same frequency. The measured results agree well with the simulation results. This paper is organized as follows: Section II introduces the specific structure of the designed FSS and analyzes the effect of the state of PIN diode on the scattering characteristics of the FSS. In section III, the reflection/transmission reconfigurable antenna is designed and fabricated, and the results of simulation and measurement are compared. Finally, conclusions are drawn in section IV.
II. DESIGN AND SIMULATIONS OF PATCH ELEMENTS
The metal ground of the reflectarray antenna is usually fully covered, and it has the effect of perfect reflection so that the influence of the reflection coefficient can be completely ignored in the design of reflection element. However, in the transmitarray antenna design, the magnitude and phase range of the transmission coefficient must be taken into account. FSS has frequency selectivity and can show certain property (reflection or transmission) at a certain frequency. To realize the reflectarray, the FSS is employed as a ground of the array element to completely reflect the incident wave at a certain frequency. Nevertheless, the FSS can also act as a good candidate for realizing the transmitarray, since it exhibits good transmission performance and can make the incident wave pass through the transmission surface with minimum loss. In this work, the structure of the FSS is carefully selected to avoid inherent capacitance in the FSS given that all the adjacent FSS are connected to each other, as illustrated in Fig. 1 . The employed FSS has a cross architecture, and four rectangular slots with the same width are separated on the four branch arms. The cross structure is divided into left and right parts by two PIN diodes, the two PIN diodes are oriented in the same ways and work in the same states given a positive or negative biasing voltage and the resonance structure of the FSS is changed by the state of the two PIN diodes. The size of the FSS is determined as L = 20mm and W = 0.5mm, and the Rogers 4350B (ε r = 3.66, tan δ = 0.004) is selected as the substrate of the element.
The function of the FSS mechanism can be explained by an equivalent circuit (EC) model in Fig. 2 . The diodes (PHILIPS BAP70-03) are modeled in accordance with [25] , where R ON = 1.5 , C OFF = 0.1pF, and L PIN = 1.5nH. When the diode is turned on, as shown in Fig. 2 (a) , the EC of the FSS fails to resonate due to the lack of capacitance. In this state the FSS can exhibit transmission performance and allow most of the energy to pass through. As shown in Fig. 3(a) , at the frequency of 11 GHz, the reflection coefficient is lower than −20 dB and the transmission coefficient is larger than −1 dB. When the diode is disconnected, as displayed in Fig. 2 (b) , the EC is equivalent to the traditional parallel LC resonate circuit. It provides a very high impedance and completely reflects the EM wave at the resonance frequency. As shown in Fig. 3 (b) , at the frequency of 11 GHz, the transmission coefficient is lower than −20 dB and the reflection coefficient is larger than −1 dB in the simulation. Therefore, by adding PIN diode, this designed FSS structure can be flexibly converted from transmission to reflection by switching the state of the PIN diode from ON to OFF, which has a broad application prospects.
For the proposed reconfigurable antenna array, the geometry of the array element is shown in Fig. 4 . The unit adopts a four-layer patch structure, and these layers are respectively printed on four dielectric substrates with the same air gaps (H ). The FSS structure is etched on the surface of the underlying dielectric substrates while the radiation patch, a concentric double square rings structure, is printed on the surface of the upper three substrates. The phase shift of the element can be controlled by adjusting the length of the outer ring (a1). The width of the inner and outer rings is w1, and the length of the inner ring is a2. Furthermore, a1 = k × a2, where k is a proportional value. In designing a reflection/transmission reconfigurable array antenna, the magnitudes of the scattering parameters of the element have to be considered since they greatly affect the performance of the reflectarray and transmitarray. Note that, on the premise of phase compensation, the reflection and transmission phase curves should first cover an angle range of almost 360 • under the same abscissa. Besides, the reflection and transmission phase curves should be approximately parallel, so as to ensure that the array with phase compensation has the same beam direction in different operating modes. To satisfy the above requirements, the performance of the proposed element is simulated and its structural parameters are optimized through HFSS.
From the perspective of theoretical design, the structure and size of the radiating element, the material and thickness of the substrate, the number of layers of the element, and the thickness of the air between each element layer can all affect the reflection and transmission phases. In this paper, the substrate material and the basic structure of the radiating element are determined first, then only the width and size of the rings are the variables related to the radiating element. In addition, since the phase is compensated by changing the size of the rings, the size proportional coefficient of the inner and outer rings is selected as the other variable. In this way, the final variables to be optimized are determined, namely, the size proportional coefficient of the inner and outer rings (k), the width of the rings (w1), the number of element layers and the thickness of the air layer (H ). After that, the parameters of each variable are scanned in turn while the other variables are kept unchanged. The results of each variable are obtained by comparing the compensation range and approximate degree of the reflection/transmission phase. Finally, the structure size of the whole element is determined. Fig. 5 (a) presents the simulated reflection coefficient and phase versus a1 for different w1 when the PIN diode is in the OFF state at 11 GHz. The range of the reflection phase changes, and the less than −1 dB coverage range of the reflection coefficient is the largest when the width of the inner and outer rings is 2 mm. Fig. 5 (b) depicts the variations of transmission coefficient and phase with a1 for different w1 when the state of PIN diode is ON. With the increase of w1, the transmission bandwidth increases, and the transmission phase is consistent with the reflection phase when w1 = 2mm. Figs. 6 (a) and (b) depict the simulated reflection/transmission coefficient and phase for different k and PIN diode states as a function of a1 at 11 GHz, respectively. The reflection and transmission phases are the same whenk = 0.5mm, and the reflection/transmission coefficient remains unchanged for different values of k. Figs. 7 (a) and (b) demonstrate that the change in the value of H influences the reflection coefficient and phase while slightly affecting the transmission coefficient and phase. The dielectric substrate interval is selected to be H = 6mm to ensure the transmission phase consistent with the reflection phase. Figs. 8 (a) and (b) display the reflection/transmission coefficient and phase versus a1 for different layers and states of the PIN diodes at 11 GHz, respectively. Notably, with the increased number of layers of a dielectric structure, the range of reflection/transmission phase and the coverage range of reflection/transmission coefficient less than −1 dB also increase. To keep the transmission phase consistent with the reflection phase, a four-layer dielectric substrate structure is finally adopted in accordance with the simulation results.
With all the selected parameters, the optimized reflection and transmission phases of the element are shown in Fig. 9 . It can be seen that the compensation ranges of reflection and transmission phases of the element exceed 360 • , and the two phase curves are approximately parallel, which can satisfy the design requirements of reflection and transmission array.
III. ARRAY ANTENNA DESIGN AND REALIZATION
By compensating the phase of each element, it is easily to control the beam to the desired direction. Since the array antenna to be designed in this paper has no need of beam deflection, the phase of compensation for the array element is only related to the position of the array element relative to the center of the aperture. Thus, we have
where φ R(xi,yi) represents the phase to be compensated, k0 is the propagation constant of electromagnetic wave in free space, d i denotes the distance from the feed antenna to the unit. Assuming the coordinates of the feed antenna are (xf , yf , zf ), we have:
In Section II, a reconfigurable element is designed with high transmission and reflection conversion capability at 11 GHz. Hence, this reflection/transmission reconfigurable array antenna can be easily realized by using the designed element. To design reconfigurable array antennas, the arrangement and phase distribution of the FSS-backed elements cannot be changed. Thus, flexible conversion between the reflectarray and the transmitarray can be realized by controlling the switching states on the FSS. 
Figs. 10 (a) and (b) show the 3-D view of the reflection/transmission reconfigurable array antenna and the dis-
tribution of the elements in the plane, respectively. As can be seen, the antenna array adopts a multi-layer square structure, in which 9 × 9 elements are arranged in the xoy-plane. The upper three layers of dielectric substrates are printed with the same patches, and the FSS is periodically arranged on the bottom dielectric substrates. The overall aperture of the antenna array is 180 mm × 180mm. A horn antenna is selected as the feed, which is placed at the height of 180mm (focal-diameter ratio F/D = 1). The phase distribution of each element is calculated by MATLAB. The reflection/transmission reconfigurable array antenna is fabricated. Fig. 10 (c) shows the FSS layer with control lines, notably, due to the PIN diodes the array adopts have the same working status and the longer arm of the FSS is the head-tail, two control lines are drawn directly from the left and right sides of the longer arm of the FSS. Then the control lines connecting the different pins of the diodes are respectively concentrated on the two sides of the FSS layer. When the two sides are connected to the positive and negative poles of the bias voltage respectively, all of the diodes can be controlled. The specific physical photograph is shown in Fig. 10 (d) .
The antenna acts as a transmitarray when the diode is in the ON state. That is, the incident wave from the feed antenna passes through the transmission front, and then is compensated by the transmission unit to form a high gain beam with a specific direction on the other side of the front. Fig. 11 shows the 3-D and the 2-D transmission patterns at 11 GHz. It displays that the direction of the transmitted beam is perpendicular to the transmission plane. The results indicate that the maximum simulation gain of the antenna is 21.9 dBi, and the measured gain is 20.9 dBi. The crosspolarization levels of the simulated and measured results are all below −40 dB, and the half-power beam width (HPBW) of the transmitarray is 12 • . The first side lobe level (SLL) of the transmitarray are −13 dB and −14 dB, respectively. Thus, a favorable agreement is achieved between the simulated and the measured results.
The antenna can be transformed into a reflectarray without changing the overall structure, aperture size, and compensation phase of the element, simply by keeping the diode off. That is, the incident wave from the feed antenna is totally reflected by the reflecting front, forming a high gain beam with a specific direction at the aperture of the front. Fig. 12 presents the 3-D and the 2-D reflection patterns of the reflectarray when the diode is in the OFF state at 11 GHz, respectively. It can be discovered that the reflected beam along the +Z -axis is perpendicular to the reflection plane. The results show that the maximum simulation gain of the antenna is 20.1 dBi, and the measured gain is 18.2 dBi. The cross-polarization levels of the simulated and measured results are all below −30 dB, and the half-power beam width (HPBW) of the transmitarray is 12 • . The first SLL for the reflectarray are −13 dB and −7 dB, respectively. Table 1 summarizes the simulation and test results for the reflectarray and transmitarray antenna in details. When the array antenna acts as a transmitarray, the simulation and test results have nearly the same HPBW when working at 11 GHz. The first SLL is approximately 1 dB higher in the simulation result than that in the test results. Besides the gain is slightly higher in the simulation than that in the test. On the other hand, when the array antenna acts as a reflectarray, we find the simulation and test results have the same HPBW when working at 11 GHz. The simulation gain is approximately 2 dB higher than the test one, and the measured SLL is 6 dB higher than the simulated result. This is mainly caused by that the main lobe of the radiation pattern has a certain degree of expansion, and this phenomenon is a bit obvious in the measured results. The main reason for the expansion of the main lobe is probably attributed to the feed antenna is directly above the array, and the shielding effect has an influence on the radiation of the antenna. The reason why this phenomenon becomes more obvious in the measured results is that, the actual size of the feed antenna used is a bit larger than that in the simulation, thus causing a bit larger shielding effect of the feed antenna than that in simulation. Except the rise of the sidelobe, it can be discovered that the simulation results are in good agreement with the test results, Moreover, a flexible conversion between the reflectarray antenna and the transmitarray antenna is verified by simply adjusting the ON/OFF state of the PIN diode.
IV. CONCLUSION
In this study, a reflection/transmission reconfigurable array antenna based on FSS-back element has been designed and implemented. The superiority of the proposed antenna array design lies in its reconfigurable performance of the transmission/reflection, which can be dynamically converted between the reflectarray and transmitarray antennas at 11 GHz, by controlling the ON/OFF state of the PIN diode. More importantly, the transmitarray can be transformed into a reflectarray without changing the overall structure, aperture size, and compensation phase of the element, but only by changing the ON state of the diode to the OFF state. By comparing the results of simulation and measurement, it is found that the results of the antenna under two conditions agree well and both of the reflectarray and the transmitarray get good performance. These results validate that the designed array antenna has flexible reconfigurable performance and broad application prospects.
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